Yan et al.: A study of the ecological patterns of farming-pastoral zones in semi-arid regions: using the West Liaohe River Plain as an example -3229 - Abstract. The farming-pastoral zones in semi-arid regions of China are known to be typically ecologically vulnerable areas. It is required to research the agricultural and pastoral area ecological pattern that can guarantee ecological safety, and put forward the reasonable ratio for plough and grassland. This study selected the West Liaohe River Plain as the research area, and utilized a remote sensing interpretation and field visit method to analyze the land use situation during different periods of time. Also, the distribution scope of the natural grassland was identified, and the ecological security patterns of the agriculture and animal husbandry in the West Liaohe River Plain were adjusted based on the basic principle of natural grassland expansion. Then, the distribution of groundwater flow field in the research area was simulated, and the rationality of the ecological security pattern supported by the groundwater conditions was analyzed. The grassland areas after the adjustments measured 28,760.7 km 2 , and accounted for 43.87% of the total area of the West Liaohe River Plain. The grassland area will be recovered to the level of 1990 following the adjustment of this ecological pattern.
Introduction
The breadth and depth of the influences of human activities on global ecosystems have been expanding continuously with the rapid progress of urbanization. Therefore, the structures and functions of natural ecosystems have significantly changed. The ecological environmental problems caused by the degradation of the ecological systems have become a bottleneck, and have restricted social and economic development. In the early 1980s, ecological security had become a research hotspot in the field of nascent international ecological systems (Naveh, 1994; Yu, 1996; Steffen et al., 2015) , and as a result the ecological security pattern theory came into being at the right moment. On the basis of the mutual feedback between patterns and processes, it achieved effective control of the ecological process through the construction of regional ecological security patterns, in order to give full play to the ecological function; realize the effective and reasonable allocations of regional natural resources and green infrastructures; guarantee the necessary ecological natural resources and material welfare; and ultimately achieve ecological security (Dabelko, 1995; Peng et al., 2017) . Ecological security patterns have become one of the important spatial methods used to alleviate the contradictions between ecological protection and economic development (Yu, 1996; Meng et al., 2012; Ou et al., 2015; Zhao and Xu, 2015) . The majority of the hot spots include the farmingpastoral zones (Li and Cao, 2014) , arid/semi-arid areas (Meng et al., 2017) , scenic areas (Zhang et al., 2008) . These types of areas are potentially strongly disturbed by human activities, resulting in the ecological safety problems becoming outstanding in these areas. Previously, many researchers have identified ecological sources based on a "source-sink" theory (Chen et al., 2006) of landscape ecologies, and established the resistance surfaces of the expansions of the landscape elements using minimum cumulative resistance models. The security patterns were then determined with different elements and classes according to the expansion trends (Pan and Liu, 2015) , in order to effectively control the landscape space structure. In addition, cellular automata models (Zhu and Liu, 2013) , scenario analyses (Mao et al., 2013) , GAP analyses (Liu et al., 2009) were used for the establishment of the land ecological security patterns.
However, at the present time, the majority of the research studies conducted on the construction of the ecological security patterns have been analyzed from the perspective of landscape ecologies, without identifying the driving factors which had led to the changes of the regional ecological patterns. Also, the previous related studies also lacked evaluations of the effectiveness or rationality of the construction of the ecological security patterns based on the driving factors (Xu et al., 2017; Zhang et al., 2018) . The natural attributes of the regional hydrological cycles determine the basic patterns of an ecosystem (Chen, 2007) . For example, for semi-arid areas, the natural ecosystems are grassland vegetation supported by groundwater. The spatial patterns and landscape changes of ecosystems reflect the pattern evolution of the groundwater spatial distribution, and the realization of the ecological safety patterns must be supported by the groundwater conditions. For a long time, the agricultural structure in the farmingpastoral zones in semi-arid regions is unbalanced, with over-developed water sources, and the unsustainable problem in development is more and more serious. In part of the region, the development intensity of water source has approached extremity, with increasingly serious land desertification, grassland degradation and weakening ecological functions. Unbalance even reversal in ratio of plough and grassland has been a comparatively common phenomenon in farming-pastoral zones in semi-arid regions, which obviously does not conform to the national policy for ecological civilization construction, and it is required to research the agricultural and pastoral area ecological pattern that can guarantee ecological safety, and put forward the reasonable ratio for plough and grassland, which is an important ecological safety problem with farreaching influence. In this research study, by regarding the West Liaohe River Plain as the research area and based on a "source-sink" theory, a minimum cumulative resistance model was used to establish the landscape ecological security patterns. Also, the rationality of the ecological security pattern supported by the groundwater conditions was analyzed, in order to provide references for the ecological protection in semi-arid areas.
Materials and methods
In this research study, by taking the West Liaohe River Plain as an example, with the aim of protecting the natural attributes of the ecological system, a method was established for evaluating the ecological structure in the farming-pastoral zone, and a reasonable natural and human ecosystem was constructed. First, the remote sensing information and field visit data were used to analyze the changes in land usages in the West Liaohe River Plain, along with the distribution scope of the natural grassland. Second, the critical groundwater level of the vegetation community in the West Liaohe River Plain was calculated in combination with the data obtained from the field visit and historical investigations. Third, the existing natural grassland vegetation was found to have a good protection of biological diversity, and could be used as the gene pool for the ecological restoration of the grassland. Therefore, the outward expansion was based on the natural grassland in order to adjust and merge the grassland scope. Finally, the critical burying depth of the groundwater recharged vegetation was regarded as the constraint condition, in order to analyze the rationality of the ecological pattern supported by the groundwater subsurface flow field.
Study areas
In China, the semi-arid area is a strip zone between the arid area of the northwestern inland river, and the semi-humid area in the north and northeastern regions of China. This includes the west section of the Songliao River Basin; northwestern section of the Haihe-Luanhe River Basin; upper and middle reaches of the Yellow River Basin, and so on. Among these areas, the West Liaohe River was determined to be a relatively complete basin, and was therefore selected as the research area for this study (Fig. 1) . The West Liaohe River Plain is located east of the West Liaohe River Basin. Its main section is located in Tongliao City, within 4105 to 4513N and 11610 to 12335E, with a land area of approximately 65,000 km 2 . The West Liaohe River Plain is a typical farming-pastoral zone in the semi-arid region of China. The regional average annual precipitation is less than 380 mm, and the annual average water evaporation is more than 1,000 mm. Also, this area has obvious semi-arid characteristics. The rainfall in this area does not directly generate surface runoff, and the precipitation has a significant vertical infiltration. The groundwater is abundant, and the vertical recharge is stable. The vegetation in the pasturing area includes mainly typical herbaceous steppe vegetation communities, as well as arbor, shrub, and sub-shrub steppe vegetation and meadow vegetation communities. The natural ecology in a semi-arid area is a steppe vegetation supported by groundwater. The changes in the spatial patterns and landscapes of ecosystems are known to reflect the pattern evolution of the spatial distributions of the groundwater. The grassland ecologies represent the natural attributes of the ecosystems in semi-arid areas, and are the ecological foundations which support these areas. The grassland ecological security is not only related to the pasture itself, but also greatly affects the ecological quality, safety, and stability of the entire region.
Changes in the land usages
This study selected four periods for the interpretation of the land usage and analyzed the dynamic changes of the ecological patterns of the West Liaohe River Plain, in order to identify the distribution scope of the natural grassland in the West Liaohe River Plain, in combination with the field visit. The remote sensing interpretation results are shown in Figure 2 . 
Grassland vegetation investigation
The author carried out grassland vegetation investigation in grassland of West Liaohe River Plain for three times in July to August, 2016, and July to August, 2017 ( Fig. 3) , with vegetation investigation area of 6,702.89 km 2 , and 306 sampling points are selected in all. 94.1% of sampling points are concentrated in natural grassland, with 297 sampling points distributed in all; and 9 sampling points are spread in other regions. It can reflect the vegetation distribution condition of grassland in the West Liaohe River Plain basically, with good representativeness and comprehensiveness. Longitude and latitude positioning can be done for all the sampling points with handheld GPS, and the phytology professionals carry out statistics and record for the plant category and species name, perform photograph and description for the surrounding ecological environment of the sampling point, screen out the dominant species, and determine the community name and species composition of the sampling point. 
Calculation method for critical buried depth of groundwater recharge vegetation
In regard to grassland plants in semi-arid areas, the ability of plants to absorb water is the most important condition for their competitive survival. Previously, many research studies have examined the adaptability rates of different plants under drought stress conditions (Zhou, 1999; Jin, 2010; Zhang, 2011) . The author puts forward a kind of calculation method for critical buried depth of groundwater recharge vegetation (Chen et al., 2016) . The analysis and calculation are composed of two parts: one is the vegetation root system active layer connected to ground, the other is the underwater diving active layer connected to groundwater surface. Under certain climate and soil condition, the root system layer thickness is related to vegetation type, which can be acquired according to the field investigation and the existing vegetation ecology research result. The forming of underwater diving active layer is the result of capillary force action, and the maximum lifting height of capillary water can be used as the thickness index of underwater diving active layer. Calculation formula for maximum lifting height H of capillary water is as follows:
ρ is liquid density, g is gravity acceleration, R is effective aperture.
Natural grassland expansion based on a source-sink theory
In order to minimize the grassland degradation, the grain for green and closing measures have been widely applied in the farming-pastoral zones in recent years. The natural restorations of rehabilitated land areas are very slow processes. The formation of a stable vegetation community usually takes between 15 and 20 years. Moreover, the formations of such vegetation communities are relatively singular and do not contain rich species. Natural grasslands basically maintain the natural attributes of grassland areas due to good groundwater conditions, and less human interference. Natural grasslands have abundant plant species, and provide gene pools for grassland ecological restorations. Therefore, the adjustments in the ecological patterns in the farmingpastoral zone of the West Liaohe River Plain should include the expansion of the natural grassland as the basic principle, which will potentially increase the connectivity of the habitat patches and increase the mobility of the species among the patches. It will promote inter-plate gene exchanges and species mobility, as well as enhance the opportunities for species re-immigration. At the same time, the species in the isolated patches will be able to survive and continue, which will then provide a continuous network of habitats for the species which lack space diffusion capabilities. Therefore, the natural grassland areas will be continuously enlarged, and the natural nature of the natural grasslands can be maintained.
A "source-sink" theory is a basic theory which is used in the study of landscape ecology. The "source" landscape refers to the landscape type which can promote the development of the ecological processes in the study of the patterns and processes of an area. The "sink" landscape is the landscape type which can stop and delay the development of the ecological processes. The positive significance of the application of this theory was to couple the static landscape pattern with the dynamic ecological process. This assisted in the understanding of the relationship between the ecological pattern and the process, and provided a scientific basis for putting forward effective ecological spatial regulation and management methods. At the present time, this theory has been effectively applied on a large scale in the field of biodiversity conservation. Therefore, by taking the natural grassland expansion as the basic principle, this study used a "source-sink" theory method in the landscape ecology in order to adjust and optimize the ecological pattern of the agriculture and animal husbandry land usages in the West Liaohe River Plain. The natural grassland, as a gene pool for the grassland ecological restoration, played a key role in the safety of the entire plain ecosystem. Therefore, it was used as a "source" in this study, while the farmland and unused land were regarded as a "sink". In order to avoid direct conflicts among the different landscape functions (such as the grassland, farmland, and so on) from the aspect of a spatial pattern, a buffer zone was arranged in the contact zone between the grassland and large irrigation zone (including the closed grassland or artificial green belt) which eliminated the impact of the irrigation zone on the grassland, and facilitated the conservation and restoration of the natural attributes of the natural grassland areas. In order to reflect the process in which the "source" landscape experienced different media in order to overcome resistance, it was necessary to evaluate the landscape resistance based on the dynamic characteristics of the "source" landscape in the study area. Therefore, with the help of GIS technology, this study used a minimum cumulative resistance model to express the influence of the landscape media on the spatial diffusion of the landscape "source", and thereby established a landscape resistance surface. The minimum cumulative resistance model considered the landscape "source", distance, and landscape interface characteristics, as shown in Equation 1:
where D ij refers to the field distance from the landscape "source" j to a landscape unit i in the space; and R i denotes to the resistance coefficient of a certain landscape unit i in the space, and represents the difficulty level of the movement passing. The minimum cumulative resistance model used in this study was essentially the measurement and evaluation on the accessibility of a path from the "source" landscape to a point in the space. The smaller the resistance value, the higher the accessibility to this point. Therefore, the resistance model was able to reflect the potential possibility and tendency of the landscape unit movement, and was a type of abstract expression of the landscape changes. This provided an analysis basis for the landscape function characteristics. As far as the protection and utilization of the municipal ecosystem were concerned, the areas with stable municipal ecosystem structures were favorable to the migration and diffusion of the landscape unit, and the resistance to migration and diffusion were smaller. In contrast, there was a higher resistance to the unit movement and diffusion.
Different landscapes suffer different resistances during the processes of movement and migration, which are dependent on the suitability degree of the landscape interface to the survival, reproduction, and migration of the elements. However, the resistance coefficient is also relative, and can be used to calculate the cost distance since it can relatively reflect the differences in the different resistance factors. This research study set 1 as the minimum resistance coefficient, which represented the fact that a certain landscape unit could move freely, and its area was the most suitable space. Also, this study set 100 as the maximum resistance coefficient, which assumed that the landscape unit could not move, and its area was the most unsuitable space. As far as the research area was concerned, the areas which could not be adjusted involved urban development planning (such as urban construction land, large irrigation areas, and so), which were determined to have the largest resistance value (100). The farmland areas had a smaller resistance value of 70; unused land had a resistance value of 50; and the deteriorated grassland areas were given a resistance value of 10. The classified statistical measurements were made for the cumulative resistance values by using a 1/2 standard derivation in GIS. The critical threshold was determined to divide the corresponding resistance intervals according to the frequency discontinuity and spatial distribution characteristics of the resistance value. Therefore, the influence degree of the natural grassland on the entire expandable area was divided into the expansion core area, expansion connection area, and expansion buffer area.
Analysis of the rationality of the groundwater supported ecological pattern
The natural grassland expansion areas had been adjusted to the different types of landscapes only from the perspective of landscape ecology. However, whether or not the groundwater conditions supported these adjustments of the ecological pattern still required verification. This study used a distributed type water cycle simulation model MODCYCLE as the tool (Lu et al., 2012) , and simulated the groundwater flow field in the West Liaohe River Plain through establishing a water cycle simulation model for the West Liaohe River Basin. The period ranging from 2001 to 2014 was used as the base year period for the study of the West Liaohe River Basin. The hydrometeorological and water consumption data during the corresponding period were used as the basis to conduct the water cycle simulation construction, parameter calibration, and model validation in the base year of the West Liaohe River Plain area. The input data which were involved in the MODCYCLE model included the fundamental spatial data and the water cycle driving data. The spatial data included the basic region/basin information, such as the elevation, soil distribution, and so on, while the water cycle data included the meteorological driving data, water for human activities, and so on. This research study collected the meteorological data from 22 National Meteorological Stations in the West Liaohe River Plain, along with the precipitation data from 89 local rainfall stations (Fig. 4) . The water intake and usage processes for human activities utilized the 2001 to 2014 statistical data from the water resources bulletin for the West Liaohe River Basin. Contour map for the groundwater depths in the West Liaohe River Plain in 2014 is shown in Figure 5 .
Figure 5. Contour map for the groundwater depths in the West Liaohe River Plain in 2014
The contour maps of the groundwater levels in the natural grassland expansion areas and the West Xiliao River Plain could be superposed. Then, the rationality of the ecological pattern of the farming and pastoral areas supported by the groundwater flow field were analyzed. The groundwater conditions in the expansion areas were divided into the supporting, basically supporting, and non-supporting areas according to the groundwater level values of ≤ 3 m, 3 to 4 m, and > 4 m.
Results and discussion

Distribution scope of natural grassland
Through carrying out vegetation investigation of the West Liaohe River Plain, 306 valid sampling points are obtained, with 258 species of plants found in total, divided into 52 families and 169 categories. Grassland of the West Liaohe River Plain includes three types: natural grassland, sown pasture and deteriorated grassland (Fig. 6) . Wherein, the natural grassland is influenced slightly by man-made interference, with rich vegetation species diversity and high vegetation coverage, and the grassland with natural property is the gene pool for grassland ecology restoration. The sown pastures in the West Liaohe River Plain are mainly planted with the commercial crop alfalfa, with high vegetation coverage but single composition. The deteriorated grassland is influenced by man-made interference intensely, and the vegetation composition is mainly successive Yan 
Critical water levels of the groundwater recharged vegetation
Through the examination of the research data and vegetation investigation, and in accordance with the different water conditions, the steppe vegetation community in the West Liaohe River Plain was roughly divided into seven types and 22 communities. The critical burial depths of the groundwater of the different vegetation communities in the West Liaohe River Plain were obtained through calculation. The calculation results are shown in Table 1 as follows: the critical burial depths of the majority of the vegetation communities were within 4 m. Meanwhile, the agriophyllum squarrosum community, 
Distribution of the natural grassland expansion
As detailed in Figure 7 , The expansion core area of the natural grassland was determined to be 7,922 km 2 . It is distributed around the natural grassland, and suffered a lower level of resistance. Also, it played a key role in protecting the natural grassland from the interferences of human activities, thereby maintaining its natural attributes. It was considered to be the most direct area for the expansion of the natural grassland. The patches of farmland and unused land areas in this area were all completely adjusted to grassland. The farmland to grassland areas were implanted to the dominant and common associated species of the adjacent natural grassland plant communities through artificial cultivation or introduction processes.
The expansion connection areas of the natural grassland were determined to be 3,799.85 km 2 . With the outward expansion of the natural grassland along the expansion core area, it had suffered from major influences of human activities. This area showed a landscape pattern in which large sheets of deteriorated grasslands were staggered with patches of farmland and unused land. The differences between this area and the expansion core area were that the dominant species from the vegetation communities in the adjacent expansion core area had difficulties adapting when only the attributes of the patches were changed to those of closed grassland or further artificial planting. Therefore, in this study it was necessary to adjust the vegetation communities in the connected areas in combination with the aforementioned factors. The expansion buffer areas of the natural grassland were determined to be 1859.51 km 2 . The larger the distance to the natural grassland resulted in higher resistance. The existing landscapes mainly included large irrigation areas, highly fragmented farmland areas near towns, unused land, and degraded grassland interlacing areas. These areas had a very low possibility of recovering the natural attributes of the natural grassland due to the limits imposed by urban development planning. This easily led to the loss of the natural attributes of the grassland under enhanced artificial interference conditions. Therefore, it was determined to be necessary to protect the patches in these areas and maintain stability by taking such measures as returning farmland to grassland, limiting land reclamation, closing degraded grassland, and so on. These measures provided security boundary conditions for the restoration of the grassland ecosystems within the core and connected regions of the study area. 
Ecological pattern
As detailed in Figure 8 , in the natural grassland expansion areas, the areas with groundwater levels within 3 m consisted of 5,258.96 km 2 . The groundwater conditions in these areas met the requirements to recharge water for the critical burial depths of the vegetation. Also, the adjustments of the ecological patterns in this area could be 2 , and the groundwater conditions in these areas had the ability to recharge water for the growth of fruticeta with long root systems, such as the dominant species Caragana microphylla Lam. The areas with ground water levels above 4 m accounted for 3,896.51 km 2 , and the ground water conditions in these areas were determined not to meet the recharging requirements of the critical burial depths of the vegetation. It was therefore concluded that the expansions of the natural grassland in these areas would be meaningless if the conditions of the groundwater were not improved. Therefore, the expansions of the natural grassland should first be transformed in the ecological pattern adjustment areas which were supported by the groundwater conditions. Second, shrub communities with long root systems, such as Caragana microphylla Lam, could be planted in the ecological pattern adjustment areas which were basically supported by the groundwater conditions. Finally, the ecological pattern adjustment areas which were not supported by the relative groundwater conditions could be eliminated. The adjustments to the reasonable ecological patterns in the farming-pastoral zone of the West Liaohe River Plain were based on the basic principle of the natural grassland expansion. The optimization and adjustments of the ecological patterns were conducted using a landscape ecology method, and the demands of urban planning and socialeconomic development were also considered. Moreover, the groundwater conditions were used to analyze the rationality of the adjustments, and the results are shown in Figure 9 . The grassland areas after the adjustments measured 28,760.7 km 2 , and accounted for 43.87% of the total area of the West Liaohe River Plain. Among the grassland areas, the natural grassland areas had been expanded by 8 Table 2 details the statistics of the land usage situations in the West Liaohe River Plain since 1990. Through this adjustment of the ecological pattern, the grassland areas have been basically recovered to the level of 1990, which has provided conditions for the ecological restoration of the grassland areas. 
